Inhibition of HeLa cell deoxyribonucleic acid (DNA) synthesis, which occurred by the 4th to 5th hr after infection with poliovirus, could be blocked completely by guanidine only when it was present before the 2nd hr. At the 2nd hr, there was no significant ribonucleic acid (RNA)-replicase activity, and addition of guanidine inhibited all production of virus but allowed 57% of maximal DNA inhibition to develop. Maximum DNA inhibition developed in cells infected for 4 hr in the presence of guanidine when the guanidine was removed for a 10-min interval. RNAreplicase activity was not enzymatically detectable and viral multiplication did not develop in these cells unless the interval without guanidine was extended to 60 min. The interpretation of the data was that the effect of guanidine on viral-induced inhibition of DNA synthesis was distinct and not a consequence of the inhibition of RNA-replicase.
Poliovirus can replicate with or without concomitant inhibition of cellular deoxyribonucleic acid (DNA) synthesis. The two processes are differentially dependent upon the amino acid composition of the culture medium (1) . However, when inhibition of DNA synthesis does occur, it is first observed between the 3rd and 4th hr postinfection when the first mature virus appears (1, 18, 19) ; both it and viral replication are inhibited by guanidine (1, 17, 25) , and the inhibition of each is prevented by dimethylaminoethanol (2, 22) . Some guanidine-resistant viral mutants replicate and block DNA synthesis in the presence of guanidine (unpublished data). Guanidine is purported to be a specific virus effector (17) which inhibits virus replication by virtue of its action against the formation of ribonucleic acid (RNA)-replicase (5, 6, 12) .
The present studies were designed to determine whether the action of guanidine upon viralinduced inhibition of DNA synthesis is a distinctive one or a consequence of the known action on RNA-replicase. The findings support the view that a separate guanidine-sensitive event is responsible for the DNA inhibition and that the formation of RNA-replicase is obligately subsequent to it.
MATERIAIS AND METHODS
Cells. HeLa cells were grown in monolayers at 37 C with Eagle's basal medium (11) , twice concentrated with respect to amino acids and vitamins, and supplemented with 10% calf serum. Cultures were passaged every 7 days and, periodically, cells and fluid were inoculated into special media to ensure that they were free of mycoplasma and bacteria (9) . The cells were grown in Blake bottles for experiments which involved assay of enzyme activity, and in 2-oz prescription bottles for studies of viral (24) . Following precipitation with cold 40% trichloroacetic acid and two washes with cold 5% trichloroacetic acid, the DNA was dissolved in another portion of the same acid (5%) with heating and was used to determine the incorporation of 3H-thymidylate. DNA so isolated was quantitatively determined by the method of Burton (7) . 337 POWERS ET AL.
When the DNA content of a series of samples was to be determined spectrophotometrically at 260 nm, the Schmidt-Thannhauser method (23) for isolation of DNA, as modified by Fleck and Munro (14) , was utilized.
Enzyme assay. Infected cells were trypsinized, centrifuged, and suspended in sucrose-Mg. Viral replicase (RNA-primed RNA polymerase; 5, 6, 12) , was prepared and assayed as described by Baltimore and Franklin (6) .
Radioactivity. For measurement of radioactivity, 0.5 ml of sample was added to 9.5 ml of scintillation fluid [320 g of napthalene, 20 g of 2,5-diphenyloxazole (PPO), and 200 mg of 1,4-bis-2-(5-phenyloxazolyl)-benzene (POPOP) in 4 liters of p-dioxane] and then added to one 4000-ml container of thixotropic gel powder (Cab-O-Sil) and counted for 10 min in an automatic Ansitron model 1300 liquid scintillation counter (16 
Results
Development postinfection of resistance to guanidine (i) viral inhibition of DNA synthesis (ii) synthesis of RNA-replicase and (iii) viral replication. Since guanidine can block the production of RNA-replicase (5) and also viral-induced inhibition of DNA synthesis (1) , these events may be distinct or one might merely be a consequence of the other. To clarify this point, the guanidine sensitivity of each process, as well as viral replication, was determined during the course of infection.
Cultures of HeLa cells were infected with 40 PFU of poliovirus per cell and incubated at 37 C. During each hourly interval from 0 to 5, the rate of DNA synthesis was determined by the method of 3H-thymidylate incorporation into DNA. A second set of replicate infected cultures received guanidine (75 ,g/ml) at 0, 1, 2, 2.5, 3, and 4 hr, and the rate of DNA synthesis was determined in cells in the 4 to 5-hr interval postinfection.
A third set, composed of three pooled replicate cultures for each of the time intervals mentioned above, was assayed for RNA-replicase activity (6) . At the 2nd hr, guanidine (75 ,ug/ml) was added to three cultures which, at the 4th hr, were pooled and assayed for enzyme.
Other infected cultures were washed at 1 hr postinfection with Hank's balanced salt solution to remove unadsorbed virus. The residual virus in one culture was determined at this time. Guanidine was added to the remainder at 2, 2.5, and 3 hr. Virus which developed in these by the 9th hr was compared with a culture receiving no guanidine.
The resulting comparative data are plotted in Fig. 1 as percentages of the maximum activities observed (viral yield at 9 hr, DNA inhibition at 5 hr, and replicase activity at 4 hr). The position of bar representations indicates when guanidine was added; the height of the bar denotes the percentage of activity. At the 2nd hr, the rate of DNA synthesis remained at, or was slightly greater than, the initial uninfected level, and the RNAreplicate activity was just barely detectable. Cul- tures which received guanidine at the 2nd hr showed no increase in replicase by the 4th hr and there was no viral multiplication by the 9th hr, but the rate of DNA synthesis in these cultures indicated 57% of maximal inhibition by the 5th hr. Addition of guanidine before the 2nd hr prevented viral inhibition of DNA synthesis. Therefore, inhibition of DNA synthesis does not require viral replication or synthesis of replicase. The guanidine sensitivity of the inhibition is due to an action upon an event which is largely completed before replicase activity appears. The expression of the early event in terms of the rate of DNA synthesis requires several additional hours.
By 2.5 hr, replicase was detectable and guanidine addition at this time allowed development by the 9th hr of 3 % of the maximal viral yield. Cultures with guanidine at 3rd hr reached 30% of the maximal value. Thus, it is clear that whereas guanidine acting upon the early sensitive event may prevent the sequential production of replicase, there is also a direct action on the replicase system which can be demonstrated after the early event is largely complete. This direct effect is in agreement with the mode of viral inhibitory action proposed by others (5, 13, 17) .
Effect of a delayed reversal of guanidine inhibition on subsequent development of (i) DNA inhibition, (ii) replicase activity, and (iii) resistance of DNA inhibition and viral replication to guanidine. Certain events in the programming of the viral infection, such as attachment, penetration, uncoating and inhibition of cellular protein and RNA synthesis (3, 10, 13, 15, 21) , proceed in the presence of guanidine. In time, all infected cells should be arrested at the first guanidine-sensitive reaction. Reversal of the guanidine should allow all to proceed again in synchronous fashion. The blockade of guanidine against viral DNA inhibition and replicase can be removed by dilution or by the addition of dimethylaminoethanol (DMAE) (2, 22) . In such cultures, the development of DNA inhibition and its resistance to guanidine, as well as the appearance of replicase, can be followed to determine whether they proceed in an obligately sequential order.
Virus and guanidine (75 ,g/ml) were added simultaneously to cultures of cells. Four hr after infection, at a time when DNA inhibition in the absence of guanidine would have been attained, DMAE (90 gg/ml) was added to each infected culture. The same level of compound was added to uninfected cells as a control. DNA synthesis, as it occurred in each of the next 5 hr, was determined by the incorporation of 3H-TMP (thymidine monophosphate; 0.125 ,c/ml).
Inhibition was prevented while guanidine only was present (4 hr), and the addition of DMAE initiated a reversal of this effect during the 1st hr after its addition (Fig. 2) . However, nearly 5 additional hr were required before it reached a level of effectiveness which nearly equaled that seen in the infected control cultures (guanidineuntreated) at 5 hr postinfection. Thus, it would appear that inhibition of DNA synthesis in a guanidine-treated, infected culture can be postponed for several hours and yet be expressed subsequently; i.e., the potential or message for inhibition is not lost during the arrested period.
These results were duplicated merely by washing guanidine out of the system at 4 hr postinfection. This was accomplished by removing the guanidine-containing medium from the cultures, washing them twice with warm medium (containing no guanidine), and adding back prewarmed (37 C), guanidine-free medium for the duration of the experiment. Neither guanidine nor DMAE had any effect on DNA synthesis in uninfected control cultures. VOL. 3, 1969 Other cultures treated similarly were assayed for RNA-replicase 10, 30, 60 and 180 min after guanidine was removed by washing. At 60 min, replicase first appeared at the lowest detectable level. By 180 min, the activity was comparable to uninhibited cultures.
In a similar experiment, guanidine was removed by washing at the 4th hr postinfection; then, after a further interval (10, 20, 30 40, or 60 min), guanidine was returned to the medium. Such cultures were tested at the 9th hr for the rate of DNA synthesis, and others at 22 hr for virus production. An interval of only 10 min resulted in the development by the 9th hr of 80% of the maximal DNA inhibition achieved (Fig. 2) , whereas much longer intervals without guanidine were required for viral multiplication and replicase synthesis. For example, a 30-min interval allowed no viral multiplication, and a 60-min interval resulted in only 0.4% of the maximal normal yield. Likewise, synthesis of replicase could be detected only after guanidine had been left out for 60 min. If guanidine were not added back, the yield of virus product by 22 hr was maximum, indicating the reversibility of the guanidine effect (Table 1) .
Thus, when guanidine was temporarily removed from a viral-infected culture, resistance to the guanidine blockade of the viral-induced DNA inhibition developed in just 10 min. Virus replication, on the other hand, proceeded in the further presence of guanidine only when the interval without guanidine was extended to 60 min. This lag suggests that certain guanidine-sensitive events which were arrested must proceed prior to synthesis or activation of replicase. The first appearance of replicase activity, approximately 1 hr after the removal of the guanidine block instead of at 2.5 hr (as in the untreated cultures), is consistent with the view that certain events in the programming prior to that controlling DNA synthesis are guanidine-resistant and proceeded during the first 4 hr of guanidine treatment. 16 ,000 DISCUSSION From this as well as earlier data (1, 18, 19) , maximal inhibition by poliovirus of cellular DNA synthesis occurs by 4 to 5 postinfection. This inhibition could be blocked completely by guanidine but only when the latter was present before the 2nd hr. By 2 hr, when there was no observable inhibition of DNA synthesis, the infected culture was already 57%c/0 committed to ultimate inhibition of DNA synthesis (Fig. 1) . The commitment represents the completion of an early guanidinesensitive event. The successive stages of the process are insensitive to guanidine. The first recognition of a distinct early event in the programming of DNA inhibition was based upon the kinetics of the blocking effect at 2 hr of canavanine, an amino acid analogue (1) .
Synthesis of an inhibitory protein could be the early event described above, since it would be sensitive to guanidine as well as canavanine and amino acid deletion (1) . Further, results have demonstrated that the ability of virus to inhibit DNA synthesis is inactivated by ultraviolet irradiation (unpublished data). In light of this and the occurrence of the sensitive event prior to (Fig.  1) or in the absence of (Fig. 2 ) detectable replicase activity, the inhibitory protein is viewed as a product of the functioning of the RNA of the infecting parental virion rather than that of newly replicated or progeny RNA.
If the extent of DNA inhibition observed at 5 hr postinfection is interpreted as an indicator of the extent or rate of the early event (synthesis of inhibitory protein) prior to addition of guanidine, the reaction is perceived to begin (following certain prior events) rapidly sometime between the 1st and 2nd hr and then to proceed more slowly until the 3rd hr. It precedes the synthesis of replicase, but from 2.5 to 3.5 hr this reaction and the appearance of RNA-replicase seem to occur concurrently. This may result merely from an asynchrony of the infection. The two processes may not proceed concurrently in the same cell.
These sequential activities appeared at more distinctly spaced intervals following a delayed reversal of a guanidine-inhibited infection, which would allow greater synchrony of the infection to be established. Removal of guanidine after 4 hr from an infected culture for only a 10-min interval subsequently (after 5 hr) allowed development of maximal DNA inhibition in the continued presence of guanidine; however, neither replicase activity nor subsequent viral replication (Table 1) could be detected until guanidine had been removed for 60 min (Fig. 2) .
One cannot eliminate the possibility that replicase activity appeared during the first 60 min following removal of guanidine in amounts neither enzymatically detectable nor sufficient for any virus production, but completely adequate for production of inhibitory protein. However, extrapolation of the curves describing the rate of production of replicase, in the detectable range (Fig.  2) to zero-production, does not suggest this possibility. The detection of infectious virus is a sensitive procedure. In these experiments, some virus production was always detected when replicase activity had been present, but nearly complete DNA inhibition was observed without evidence of virus production.
The action of guanidine on viral inhibition of DNA synthesis is not convincingly explained as a consequence of its previously described effect on the viral RNA replicase system. Rather, it appears as a distinct prior effect.
Recently, it has been suggested that synthesis of several viral proteins may be initiated at once with formation of long polypeptide sequences, which subsequently are segmented and processed into several different proteins (20) . If this be correct, the sequential appearance of specific biologic activities with differential sensitivity in time to inhibitors, such as guanidine, indicates that the programming of the infection occurs at a subsequent level when the polypeptides are processed into functional protein. Comparative studies of the kinetics of inhibition by cycloheximide and guanidine indicate that the action of the latter is not at the stage of polypeptide synthesis (4). Others have proposed that guanidine prevents the conformation of one or more polypeptides of the replicase complex, preventing functional activity (17) .
The lag between the guanidine-sensitive reaction related to DNA inhibition and the appearance of replicase following guanidine removal (or reversal) suggests that the processes occur in an obligately sequential order. Thus, the guanidine blockade of replicase activity may occur not only by direct action on the conformation of the enzyme but also by action on the inhibiting protein.
That a single type of guanidine effect is involved is supported by the similar concentrations of guanidine which are effective in the blockade of both viral replication and DNA inhibition, as well as the reversibility of both by DMAE (1, 2; Fig. 2 ). Guanidine may be a specific virus effector, but only in the sense that it has a specific type of effect on synthesis of a number of early viral proteins.
The lag between guanidine removal and the appearance of replicase activity and the prolonged synthesis of replicase are in contrast to what one would predict from a previous study (17) of a guanidine-requiring mutant of poliovirus. In the latter situation, replicase synthesis was interpreted as occurring precisely in a 10-min interval around the 3rd hr of infection. However, other reports are in agreement with the present findings (5, 7, 13). The lag is not related to the rate of diffusion of guanidine from the cell since the response of the DNA inhibitory process is prompt (Fig. 2) .
With the wild-type poliovirus, the early event (formation of inhibitory protein) and the synthesis or activation of replicase may occur in an obligately sequential order, and both are sensitive to guanidine, whereas the mutant of Lwoff (17) may be guanidine-requiring only with regard to the replicase. Hence, in the absence of guanidine, the programming of the mutant may proceed through the formation of inhibitory protein (and other early events) to the specific point of replicase formation. Addition of guanidine would be required only for a short interval to initiate considerable replication of the mutant.
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